Diruthenium complexes (X)(dppe) 2 Ru-CtC-1,4-C 6 H 4 -CHdCH-RuCl(CO)(P i Pr 3 ) 2 (X = Cl, 1a; X = CtCPh, 1b) containing an unsymmetrical (ethynyl)(vinyl)phenylene bridging ligand are compared to their symmetrical 1,4-bis(ethynyl)phenylene-and 1,4-divinylphenylene-bridged congeners and their mononuclear alkynyl precursors. Electrochemical and UV/vis/NIR, IR, and EPR spectroscopic studies on the neutral complexes and their various oxidized forms indicate bridging ligand-centered oxidation processes and uniform charge and spin delocalization over both dislike organoruthenium moieties despite differences in their intrinsic redox potentials. Comparison between the chloro and the phenylacetylide-terminated derivatives 1a,b suggests further that the conjugated organometallic π-system extends over the entire unsaturated backbone including the terminal ligand at the alkynyl ruthenium site. This paves the way to even more extended π-conjugated organoruthenium arrays for long-range electronic interactions.
Introduction
Within the field of organometallic "mixed-valent" chemistry, 1,4-diethynylphenylene has gained particular popularity as a bridging ligand because of the ready availability of the parent alkyne, its good ability to electronically couple the bridged sites, and the stability it conveys to the oxidized forms. At the same time, the 1,4-diethynylphenylene ligand has turned out as an excellent example of Janus-headed behavior with respect to Jørgensen's original definition of a noninnocent ligand. According to that definition, a ligand is called noninnocent if it does not allow the oxidation state of the metal to be defined.
1 This is well illustrated by the comparison of diiron 2-8 and diruthenium 7,9-13 1,4-diethynylphenylene-bridged complexes. Mostly metal-based oxidation processes in the diiron systems contrast with bridging ligand-dominated oxidations in the diruthenium ones. Thus, while the "classical" description of a bridging ligand allowing for electron exchange between the reduced and oxidized termini in mixed-valent states may be adequate for most iron systems, this is clearly not the case for their ruthenium counterparts. The underlying reason is the lower energy of the Ru 4d compared to the Fe 3d orbitals and the higher ligand character of the highest occupied molecular orbital (HOMO) resulting from the overlap of the metal dπ-and the appropriate π-orbital of the carbon-rich bridging ligand.
By far the majority of all systems investigated to date feature two identical sets of metal atoms and co-ligands as the termini. Complexes with two different metal end groups include some ruthenium-palladium, 14 rhenium-platinum, 15 ironrhenium, 16, 17 and iron-ruthenium 18 derivatives. In most of *To whom correspondence should be addressed. E-mail: rainer.winter@ uni-konstanz.de.
(1) Jørgensen, C. K. these cases the two dislike metal moieties differ grossly in their electronic properties. As a consequence of such redox asymmetry, their mixed-valent radical cations arising from oneelectron oxidation display charge and spin localization on the more electron-rich metal-alkynyl site. Notable exceptions are the iron-ruthenium complexes Cp*(dppe)Fe-CtC-1, 4-C 6 H 4 -CtC-Ru(dppe) 2 Cl and Cp*(dppe)Fe-CtC-1, 4-C 6 H 4 -CtC-Ru(dppe) 2 (CtC-1,4-C 6 H 4 NO 2 ) (Cp* = η 18 This is to be contrasted to a value of just 30 cm -1 in the iron-rhenium complex Cp*(dppe)Fe-CtC-1,4-C 6 H 4 -CtC-Re(bipy)(CO) 3 Cl (bipy = 2,2 0 -bipyridine).
16
Divinylphenylene-bridged diiron 19 and diruthenium [20] [21] [22] [23] [24] [25] complexes strongly resemble their diethynylphenylenebridged counterparts. Thus, some of us have described bridgedominated redox processes of 1,4-divinylphenylene-bridged diruthenium complexes {(4-EtOOCpy)(PPh 3 ) 2 (CO)ClRu} 2 -( μ-CHdCH-1,4-C 6 H 4 -CHdCH) and {(P i Pr 3 ) 2 (CO)ClRu} 2 -( μ-CHdCH-1,4-C 6 H 4 -CHdCH). [22] [23] [24] Spectroscopic investigations on their radical cations utilizing the charge-sensitive Ru(CO) IR marker band and the resolved hyperfine splitting patterns in the EPR spectrum disclosed full electron and spin delocalization (or nearly so) over both vinyl ruthenium entities. Given the rather similar properties of the diethynylphenylene and the divinylphenylene bridging ligands and of the (X)(dppe) 2 Ru-CtC and the (P i Pr 3 ) 2 (CO)ClRu-CHdCH moieties, it seemed of interest to prepare and investigate unsymmetrical complexes that blend both these motifs into a single system. Making use of the various spectroscopic labels they offer allows us to address the degree of electron delocalization at their various oxidation states, as has just successfully been demonstrated for a vinyl-bridged ruthenium-ferrocene system. 26 Herein we report our findings on (X)(dppe) 2 RuCtC-1,4-C 6 H 4 -CHdCH-RuCl(CO)(P i Pr 3 ) 2 (X = Cl, 1a; X = CtCPh, 1b) and their alkynyl precursors (X)(dppe) 2 RuCtC-1,4-C 6 H 4 -CtC-R (R = H, 2a,b; R = SiMe 3 , 3a,b) en route to still larger systems with enhanced conjugation over long path lengths and increased ligand participation to the "redox orbitals".
Results and Discussion
The synthesis of complexes 1a and 1b was achieved by combining equimolar amounts of the known alkynyl complexes (X)(dppe) 2 Ru-CtC-1,4-C 6 H 4 -CtC-H (2a, b)
12,27 and the hydride ruthenium complex RuClH(CO)-(P i Pr 3 ) 2 28 in dichloromethane (Scheme 1). These reactions involve the regio-and stereospecific insertion of a terminal alkyne into the Ru-H bond of the hydride complex and provide 1,2-disubstituted vinyl ligands with a trans disposition of the metal atom and the aryl substituent. [28] [29] [30] [31] Despite their mechanistic intricacy, 32 alkyne insertions are usually complete within 15 min and afford the unsymmetrically bridged enynyl complexes in >90% yields. The presence of both the ruthenium vinyl and ruthenium ethynyl end groups in 1a,b follows from the observation of the typical Ru-CtC and Ru-CHdCH resonance signals at 113.6 (1a) or 117.4 (1b) (Ru-CtC), 148.0 (1a) or 148.4 (1b) (Ru-CH), and C NMR values are to be compared to those of the symmetrically substituted {(P i Pr 3 ) 2 (CO)ClRu} 2 (μ-CHdCH-1,4-C 6 H 4 -CHdCH) (5) at δ = 148.5 (Ru-CH) and 134.5 (Ru-CHdCH) ppm. Complex 1b also features the C β resonance signal of the phenylacetylide ligand, which was disseminated from that of the bridging ligand by virtue of appropriate HMBC and HSQC pulse sequences. Attempts to obtain similar complexes from the butadiynyl and hexatriynyl complexes Cl-(dppe) 2 Ru-(CtC) n H (n = 2, 3) gave, however, only intractable mixtures.
Electrochemistry in the CH 2 Cl 2 /NBu 4 PF 6 (0.1 M) supporting electrolyte revealed stepwise oxidations of complexes 1a,b in two fully reversible one-electron processes (Figure 1 ). Half-wave potentials are provided in Table 1 along with those of their symmetrically substituted bis-(ethynyl)-and bis(vinyl)-substituted counterparts 4 and 5 and those of their protected and deprotected alkynyl precursors 3a and 2a,b. Comparison of the half-wave potentials of the pairs of complexes 1a,b or 2a,b shows that chloro by phenylacetylide substitution exerts only a small influence on the redox potentials, as is expected on the basis of their rather similar electrochemical ligand parameters P L of -1.19 (Cl -) and -1.22 (PhCtC -). 33, 34 Comparison of 1a,b with the symmetrically substituted complexes 4 and 5 reveals a clear dependence of the redox potential of the one organometallic subunit on the identity of the other. Thus, the potential of the first oxidation of 1a,b is higher than that that in {Cl(dppe) 2 -Ru} 2 (μ-CtC-1,4-C 6 H 4 -CtC) (4), while that for the second oxidation is lower than in {(P i Pr 3 ) 2 (CO)ClRu} 2 (μ-CHdCH-1,4-C 6 H 4 -CHdCH) (5). A comparison of the half-wave potential of the mononuclear styryl complex (PhCHdCH)RuCl-(CO)(P i Pr 3 ) 2 (E 1/2 = þ0.28 V) with the second oxidation potentials of 1a,b (þ0.140 and þ0.155 V, respectively) further suggests that electron donation from the CtC-RuCl(dppe) 2 "substituent" and further extension of the ligand's π-system overcompensate for the effects of electron loss from oneelectron oxidation. 31 The potential separation between the individual half-wave potentials of ca. 360 mV is, however, nearly identical to that in 4 and appreciably larger than in 5. The reader should note here that the redox-splitting of 1a,b is not an adequate measure for electron delocalization in the radical cations due to the mainly ligand-centered redox processes and the differing organometallic end groups. The likewise unsymmetrically substituted Cp*(dppe)Fe-CtC-1,4-C 6 H 4 -CtCRu(dppe) 2 The mutual influence of each of the individual metal organic end groups on the thermodynamic stabilities of 1a,b in their various oxidation states suggests a fair deal of orbital mixing within the entire {Ru}-CtC-1,4-C 6 H 4 -CHdCH-{Ru 0 } entity. Owing to the rather substantial splitting of individual redox potentials, the intermediate, monooxidized radical cations 1a
•þ and 1b •þ constitute thermodynamically stable species with comproportionation constants, K c , of about 1 Â 10 6 (Table 1) . They could thus be generated by electrolysis inside a thin-layer electrolysis cell at a potential past the 0/þ wave as ruby to purple-red species and were characterized by their specific IR, UV/vis/NIR, and EPR signatures. Gratifyingly, 1a,b possess the charge sensitive ν(CtO) IR label at the vinyl ruthenium subunit, as well as ν(CtC) and the various combinations of C-H bending and CdC stretching modes of the 1,4-(ethynyl)(vinyl)phenylene subunit. These labels are indicative of how oxidation affects the charge densities at the vinyl metal terminus and the bridge. IR data for the complexes 1a,b in their various oxidation states are compiled in Table 2 and compared to those of symmetrical 4 nþ and 5 nþ (n = 0, 1, or 2). Of note are a substantial bleaching and a slight red shift by 4 cm importantly, the ν(CtC) bands of 1a
•þ appear at almost the same positions as in 4
•þ , while ν(CtO) of 1a
•þ is likewise close to its position in 5
•þ . From this we conclude that both different ruthenium sites in 1a
•þ have about the same charge densities as in their symmetrical counterparts 4
•þ and 5 •þ . Since these latter radical cations have both been found to be strongly delocalized systems, this must also be the case for 1a
•þ . We are thus dealing with a bridge-centered radical cation with a fraction of the unipositive charge almost evenly delocalized over two different organometallic end groups. The same obviously holds for 1b More evidence toward full delocalization comes from the electronic spectra. Radical cations 4
•þ and 5
•þ present rather sharp and intense low-energy absorption bands. These have been assigned as the SOMO-n f SOMO transitions within an extended open-shell organometallic chromophore involving some charge transfer from the metal end groups to the central arene part of the bridge.
11, 24 The close resemblance of those features to those of oxidized purely organic counterparts 35, 36 has already been commented on. 24 Similar bands of identical appearance and like origin are observed in 1a,b
•þ at energies intermediate between those of the bordering symmetrical complexes (Table 3 , Figures 3 and S4 of the Supporting Information). The distinct red shift of the band at lowest energy upon replacing the trans-chloro by the trans-phenylacetylide ligand shows that the organometallic π-system of 1a,b nþ extends over the entire (X)-Ru-CtC-1,4-C 6 H 4 -CHd CH-Ru unit. Similar "radical" bands of the oxidized ruthenium alkynyl precursors 2a,b
•þ and 3a
•þ are less intense and appear at higher energies. As was found for the dinuclear complexes, replacement of the chloride by the phenylacetylide co-ligand produces a distinct red shift ( Figures S5 and S6 of the Supporting Information). EPR spectroscopy is a powerful tool for elucidating the metal versus bridge character of a paramagnetic species. Genuine Ru(III) species are usually EPR inactive at room temperature due to rapid spin-lattice relaxation and exhibit axially or rhombically split g-tensors with large g-anisotropies at low temperatures as solids or frozen solutions and average g-values that differ strongly from the free electron value g e of 2.0023. Paramagnetic ruthenium alkynyl complexes Cl(dppe) 2 Ru-CtC-C 6 H 4 -X-4
•þ37 or Cp*(dppe)Ru-CtC-C 6 H 4 -X-4
•þ38 generally behave similarly with the exception of those with the most electron-releasing substituents X (X = NMe 2 , NH 2 , OMe), for which lower g-anisotropies at 80 K and isotropic signals in fluid solution were observed. In contrast, organic radicals typically give isotropic signals at room temperature and as solids or in frozen solution at g-values close to g e . Complexes 4
•þ9 and 5 •þ24 are rare examples of oxidized organometallic ruthenium complexes that are EPR active in fluid solution and at room temperature.
31,37-39 Average g-values close to g e and revealingly low (4 Table 4 ). At 103 K the spectrum of 1a
•þ still remained isotropic, while simulations of the broader signal of 1b
•þ indicated an axial splitting (Table 4) . Slightly different values were measured for their CH 2 Cl 2 /NBu 4 PF 6 solutions, where only 1b
•þ proved to be EPR active at rt.
In keeping with the idea of full delocalization, dioxidized species 1a,b 2þ display their Ru(CO) band at lower energy as in the divinylphenylene-bridged 5 2þ . This may be ascribed to the higher electron density at the (X)(dppe) 2 Ru δþ moiety compared to the Cl(CO)(P i Pr 3 ) 2 Ru δ 0 þ one at the opposite end, where δ and δ 0 symbolize the fractions of a unit charge at the respective ruthenium co-ligand entities. Moreover, the visible spectrum of 1a 2þ features a prominent absorption band at an energy that is again intermediate between those of similar bands of 4 2þ and 5 2þ ( Figure 5) . As a curiosity, we note that the dioxidized phenylacetylide complex 1b 2þ has a series of overlapping bands in its visible spectrum, leading to plateau-like absorption over the range 625 to 1050 nm ( Figure 6, Table 3 ), which may indicate transitions from a larger manifold of lower-lying occupied donor orbitals spreading over the entire Ph-CtC-Ru-CtCAr 0 unit into the emptied bridge-based, delocalized frontier orbital (the HOMO of neutral 1b). The lower energy component at 9900 cm -1 is at much lower energy than that in 1a 2þ
(13 900 cm -1
). In conclusion, we have found that the unsymmetrically bridged (X)(dppe) 2 Ru-CtC-1,4-C 6 H 4 -CHdCH-RuCl-(CO)(P i Pr 3 ) 2 •þ (X = Cl, PhCtC) complexes are bridgecentered radical cations featuring an extended X-RuCtC-1,4-C 6 H 4 -CHdCH-Ru organometallic π-system a Data based on the spectrum simulation. 44 Figure 5. UV/vis/NIR spectroscopic changes during the second oxidation of complex 1a (1a •þ f 1a 2þ , 1,2-C 2 H 4 Cl 2 /NBu 4 PF 6 , rt). 
